We have studied the induction of gene expression at low temperature by cloning mRNAs that accumulate when unripe tomato (Lycopersicon esculentum) fruit are incubated at 4°C. Two DNA sequence analysis indicates that the C14 mRNA encodes a polypeptide with a region that is homologous to the plant thiol proteases actinidin and papain and to the animal thiol protease cathepsin H. We conclude from these experiments that low temperature selectively induces the expression of specific genes and that one such gene encodes a thiol protease.
DNA sequence analysis indicates that the C14 mRNA encodes a polypeptide with a region that is homologous to the plant thiol proteases actinidin and papain and to the animal thiol protease cathepsin H. We conclude from these experiments that low temperature selectively induces the expression of specific genes and that one such gene encodes a thiol protease.
Many plants of tropical and subtropical origin sustain damage when exposed to low, nonfreezing temperature. This chilling injury usually occurs below a critical threshold temperature of 10 to 12°C and evokes multiple and complex symptoms (13, 26) . For example, reproductive ability and photosynthetic function can be impaired. Furthermore, exposing fruit from these plants to low temperature for a sufficient period of time often results in damage that persists even when the fruit is returned to normal temperature. Incubation of tomato fruit below 12°C leads to abnormal ripening, with uneven and incomplete color development, loss of firmness, surface pitting, and increased susceptibility to decay by microorganisms (18, 29) .
High-temperature stress induces dramatic changes in gene expression in plants (31) and animals (24) . Recently, exposure of plants to low temperature has been shown to elicit alterations in protein profiles from in vitro translated mRNA (15, 27) . In tomato fruit, chilling increases the activity of two enzymes involved in phenylpropanoid metabolism (phenylalanine ammonia-lyase and hydroxycinnamyl CoA:quinate hydroxycinnamyltransferase), although it is not known whether this reflects increased gene expression (29) .
In order to understand better the effects of low, nonfreezing temperature on the physiology of plant cells, we have investigated the role for altered gene Fellowship. tions in tomato fruit physiology and biochemistry have been widely studied (2, 18, 21, 29) . Second, tomato fruit development under normal conditions has received considerable attention, including at the level of gene expression (14, 23) . Third, high altitude wild tomato species are available that are relatively cold tolerant (21) . We report here the cloning of three mRNAs that increase in concentration when tomato fruit are exposed to 4°C. DNA sequence analysis indicates that one clone encodes a thiol protease. (25) . From this library, 500 colonies were differentially screened with labeled mRNA probes isolated from mature green chill-sensitive fruit treated 21 d at 4°C and from untreated control fruit. Clones hybridizing strongly with the cold-induced probe and not with to the untreated control probe were chosen for further study. Dot Blot Analysis of RNA. Dot blot hybridizations were performed as described previously (23) .
MATERIALS AND METHODS
Nucleotide and Amino Acid Sequence Analysis. Cloned genes were inserted into pUC118 or pUC119 to enable single-strand template preparation. Deletions were generated using the procedures of Henikoff (17 Figure 2 , the concentration of C14, C17, and C19 mRNA was approximately 12-, 5-, and 17-fold lower in fruit allowed to ripen at normal temperature than in fruit chilled for 21 d.
Analysis of mRNA Accumulation and Decay. To analyze further the regulation of gene expression by cold, we monitored the kinetics of C14 and C17 accumulation at time points earlier than 1 d, and also after the apparent inducer, cold, is removed. As shown in Figure 3 , we detected significant levels of C14 and C17 mRNA after 8 and 24 h of cold treatment, respectively. Furthermore, C14 mRNA concentration rapidly declined when the temperature was increased from 4 to 22°C. In contrast, increasing the temperature from 4 to 22°C induced a transient burst of C17 gene expression, although prolonged incubation at 22°C resulted in the decay of the C17 mRNA.
To learn how temperatures other than 4°C affect cloned gene expression, we performed a temperature dose-response experiment. Messenger RNA was isolated from chill-sensitive fruit incubated 4 d at 4 to 22°C and hybridized with 32P-labeled C14 and C17 plasmid DNA. As shown in Figure 4 , C14 mRNA achieved maximal and half-maximal concentrations at 12 and 16°C, respectively. In contrast, C17 mRNA achieved maximal concentration at 4°C and half-maximal concentration at 11°C, approximately the threshold temperature for chilling-induced damage of tomato fruit. We conclude that the level of C14 and C17 gene expression increases as the temperature decreases, but that each gene displays a distinctive temperature dose-response curve.
To determine the effect of genetically determined chilling tolerance on gene expression, we performed a similar dose-response experiment using chill-tolerant (L. esculentumlL. pimpinellifolium hybrid) fruit. As shown in Figure 4 , C14 mRNA achieved maximal and half-maximal concentrations at 4 and 7°C, respectively, in chill-tolerant fruit. These data suggest that lower temperature is required to induce significant levels of C14 gene expression in chill-tolerant fruit than is required in chill-sensitive fruit. In contrast, C17 mRNA achieved maximal and half-maximal concentrations at 4 and 11°C, respectively, in both chillsensitive and chill-tolerant fruit. However, the level of Cl 7 gene expression was higher in the chill-sensitive fruit than in chilltolerant fruit. These data suggest that genetically determined chilling-tolerance influences cold-inducible gene expression. DNA Sequence Analysis. To investigate the structure and function of the C14 and C17 genes, we determined the DNA sequences of their respective cDNA clones and compared them to sequences compiled in the NIH GenBank. We also compared their predicted amino acid sequences to the sequences stored in the NBRF Protein Identification Resource. No homology could be detected to the C17 DNA sequence or predicted amino acid sequence (data not shown). Thus, the biological function of the C17 gene remains to be elucidated.
The homology search with the C14 sequence indicated a relationship with both plant and animal thiol protease genes. The structure of the C14 cDNA clone and its complete DNA sequence are shown in Figures 5 and 6 , respectively. The cDNA sequence (1378 nucleotides) is shorter than the C14 mRNA (1900 nucleotides; Fig. 1B ) and does not include either 5' untranslated sequences or the methionine codon that initiates translation. Nevertheless, the first 1038 nucleotides of the C14 cDNA sequence represent an open reading frame encoding 346 amino acids (Fig. 6) . Within this open reading frame is a 660 nucleotide region (nucleotides 52-711) that exhibits approximately 60% sequence identity with the DNA sequence of a plant thiol protease, papain (data not shown). Furthermore, the predicted amino acid sequence of this region has 58, 48, and 45% identity with the thiol proteases actinidin, papain, and cathepsin H, respectively.
As shown in Figure 6 , amino acids critical to the structure and function of thiol proteases are conserved in the C14, actinidin, papain, and cathepsin H polypeptides. Specifically, amino acids are conserved that constitute the reactive nucleophile (Cys25, Hisl6l), that form the active center (Glnl9, Aspl60, Asnl81, Ser182, Trpl83), and that form disulfide bridges (Cys22-Cys64, Cys56-Cys97, Cysl55-Cys206) (3). Furthermore, eight of nine type II glycine residues are conserved in C14 and actinidin. This is important because a significant alteration of protein conformation, due to the introduction of a C3 atom, would result from replacements of type II glycine residues (20) . Finally, 27 of 29 hydrophobic amino acids that comprise the core of actinidin are likewise hydrophobic in C14 (20) . These results suggest that the region encodes a thiol protease domain. The remainder of the cDNA sequence encodes an additional 109 amino acids followed by a 315 nucleotide untranslated region terminating in a poly(A) tail. 160 glycyl residues in actinidin; (#), residues in the actinidin hydrophobic core (3, 20) . DISCUSSION Low Temperature Activates the Expression of Specific Genes. We have sought to understand the effect of chilling on the physiology of plant cells by studying the regulation of gene expression by low temperature. Preliminary experiments ( Fig. 1A ; 15, 27) detected differences in the mRNA population of chilled and control plant tissue. To further these studies, we have cloned and analyzed mRNAs that accumulate in response to low temperature.
Several lines of evidence indicate that low temperature induces the accumulation of C14 and C17 mRNA. First, their respective mRNAs accumulated relatively rapidly when tomato fruit were exposed to low temperature (Fig. 3) . Second, the level of cloned gene expression was inversely proportional to the incubation temperature (Fig. 4) . Third, the mRNAs eventually decayed when the low temperature stress was removed (Fig. 3) . Fourth, the mRNAs did not significantly accumulate during fruit ripening at normal temperatures (Fig. 2) . We conclude from these results that in tomato fruit low temperature stress induces the expression of genes that encode the C14 and C17 mRNAs. In addition, well after the induction of C14 and C17 gene expression is complete, the activation of C19 gene expression begins (Fig. 2) . Thus, we find both a rapid and a delayed genetic response to low temperature.
Low temperature reduces the rate of cellular metabolism. Yet, in spite of the reduction, the concentration of C14 and C17 mRNA increases. At present, the mechanisms that regulate chillinducible gene expression are not known. The accumulation of specific mRNAs at low temperature could reflect increased gene transcription and/or selective mRNA stabilization. Measuring the in vivo relative rates of cloned gene transcription at different temperatures using established procedures should allow us to determine whether transcriptional processes play an important role in regulating low temperature-inducible gene expression.
We detected C14 and C17 mRNA in both chill-tolerant and chill-sensitive fruit exposed to low temperature (Fig. 4) . This result indicates that the induction of C14 and Cl 7 gene expression by low temperature is probably not solely responsible for the differential chilling tolerance displayed by the two lines. Genetic background does seem to influence chill-inducible gene expression, as suggested by the quantitative differences in C14 and C17 mRNA levels observed in the sensitive and tolerant lines. However, further conclusions from these results are limited because the sensitive and tolerant lines most likely differ at many genetic loci unrelated to chilling tolerance (see "Materials and Methods"). It is important to note that these results do not preclude the existence of either constitutively expressed or chill-inducible genes whose mRNAs are unique to either the sensitive or tolerant line. Isolation of such clones will require a more extensive search of the appropriate cDNA libraries.
The C14 mRNA Encodes a Thiol Protease. The plant (actinidin, papain) and animal (cathepsin H and B) thiol proteases represent a class of highly related enzymes. Analyses of amino acid sequences (5, 8, 32) , three-dimensional x-ray crystallographic structures (3, 20) , and reaction mechanisms (33) indicate that although their respective amino acid sequences differ appreciably, the overall folding patterns of their respective polypeptide chains are very similar, and they utilize the same catalytic mechanism (20, 33) . As shown in Figure 6 , many amino acids critical to the structure and function of thiol proteases are conserved in the C14 polypeptide. Of particular importance, amino acids are conserved that are involved in catalyzing the reaction, forming the active site, and constructing disulfide bridges. These results strongly suggest that the C14 mRNA encodes a thiol protease.
In addition to the thiol protease domain, the predicted C14 polypeptide includes an NH2-terminal region (Figs. 5 and 6, amino acids -17 to -1). Other thiol protease MRNAs encode an NH2-terminal signal peptide followed by a propeptide sequence (6, 8) . The Our DNA sequence analysis also predicts that the C14 polypeptide has a 109 amino acid COOH-terminal region (Fig. 6,  amino acids 221-329) . In contrast, the low mol wt thiol protease genes (aleurain [30] , papain [8] (10) , it is possible that this region might function to regulate C14 protease activity by binding to a molecule other than calcium.
Possible Functions for an Inducible Protease Activity during Low Temperature Stress. In theory, induction of protease activity could alter cellular metabolism in several ways (4) . First, activation of a protease could influence many biochemical pathways by increasing the turnover rates of specific enzymes. In animal cells, thiol proteases play a role in general protein degradation (32) . Second, activation of a protease could alter cellular biochemistry by proteolytically activating specific polypeptides. Thiol proteases in animal cells process a number of protein precursors, such as proapolipoprotein A-II (12) and proinsulin (9) . In plant cells, a vacuolar thiol protease is responsible for processing proglobulin to globulin (16) .
A third possibility is that a cold-inducible protease might function by degrading polypeptides denatured by exposure to low temperature. Recently, it has been shown (1) that environmental stresses that denature polypeptides activate mechanisms for their proteolytic degradation. For example, in Escherichia coli, heat shock activates expression of the lon gene, encoding a protease that degrades the denatured polypeptides (11) . In certain eukaryotic systems, heat shock induces production of ubiquitin, a marker for proteolysis of damaged proteins (24) . Low temperature might also lead to the denaturation of polypeptides. During cold stress, conformational changes in proteins have been shown to occur (7) , and weakened hydrophobic interactions are thought to be responsible (13) . In addition, cold stress results in the breakdown of cellular structure (19) and the leakage of solutes and electrolytes (22) that could lead to polypeptide denaturation. Thus, we speculate that low temperature might denature polypeptides so as to necessitate an increase in protease activity, provided by the induction of C14 thiol protease gene expression. Elucidating the function of the C14 thiol protease during low temperature stress will require isolation of the enzyme, analysis of its proteolytic activity, and localization of the enzyme within the plant cell.
